To find novel pharmacological tools useful for analyzing the molecular mechanism of apoptosis from natural resources, in the present study, we examined the activity of IC101, a cyclic depsipeptide isolated from Streptomyces sp. MJ202-72F3, to induce apoptosis in the L1210 cell line. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay showed that IC101 caused a concentration-dependent cell death with a 50% effective concentration value of 20 nM. Cell shrinkage, chromatin condensation, a typical DNA ladder pattern, and up-regulation of cleaved caspase-3 expression, which were biochemical characteristics of apoptosis, were induced by IC101. It also was observed that IC101 caused a concentrationdependent dephosphorylation of Akt and Bad without affecting phosphatidylinositol-3 kinase, an upstream molecule of Akt. IC101 dephosphorylated the 90-kDa protein, as assayed by immunblotting of the cell extract by using anti-phosphotyrosine antibody. To identify the 90-kDa protein, immunoprecipitation and direct nano-flow liquid chromatography-tandem mass spectrometry (LC-MS) were performed to demonstrate that this protein was heat shock protein 90 (HSP90). Consistently, it was observed that IC101 induced the HSP90 tyrosine dephosphorylation by immunoblot analysis of immunoprecipitates with anti-HSP90 antibody using anti-phosphotyrosine antibody. IC101 caused the degradation of Raf-1, which formed a complex with HSP90. The HSP90-ATP binding also was inhibited by IC101 in a noncompetitive manner. An interaction of HSP90 with Akt was shown to be inhibited by IC101 in a concentration-dependent manner. These results suggest that IC101 dephosphorylates Akt through an inhibition of HSP90 functions, resulting in the interaction with Akt to induce apoptotic cell death of L1210 cells.
antibody. To identify the 90-kDa protein, immunoprecipitation and direct nano-flow liquid chromatography-tandem mass spectrometry (LC-MS) were performed to demonstrate that this protein was heat shock protein 90 (HSP90). Consistently, it was observed that IC101 induced the HSP90 tyrosine dephosphorylation by immunoblot analysis of immunoprecipitates with anti-HSP90 antibody using anti-phosphotyrosine antibody. IC101 caused the degradation of Raf-1, which formed a complex with HSP90. The HSP90-ATP binding also was inhibited by IC101 in a noncompetitive manner. An interaction of HSP90 with Akt was shown to be inhibited by IC101 in a concentration-dependent manner. These results suggest that IC101 dephosphorylates Akt through an inhibition of HSP90 functions, resulting in the interaction with Akt to induce apoptotic cell death of L1210 cells.
Apoptosis is programmed cell death characterized by cellular changes, including cell shrinkage, membrane blebbing, and chromatin condensation. In the nuclei of apoptotic cells, DNA also is cleaved into oligonucleosomal-sized fragments (180 bp and multiples) (Kerr et al., 1972) . Apoptosis can be induced by various intracellular signals, including growth factor deprivation (Araki et al., 1990 ) and activation of cytokine receptor (Laster et al., 1988; Nagata and Golstein, 1995) . Several compounds have been reported to cause apoptosis by enhancing or suppressing these signals (Muthukkumar et al., 1995; Yao and Cooper, 1995; Stefanis et al., 1999; Fujino et al., 2002; Suk et al., 2003) .
Akt, a serine/threonine kinase, is the cellular homolog of the retroviral oncogene product v-Akt and the major mediator of survival signals (Franke et al., 2003; Tsuruo et al., 2003) . After stimulation with growth factors and cytokines, phosphatidylinositol-3 kinase (PI3-kinase) is activated and phosphorylates phosphoinositides. The interaction of the generated phosphatidylinositol 3,4,5-trisphosphate with the pleckstrin homology domain of Akt recruits Akt to the plasma membrane, where it is phosphorylated at two key regulatory sites, Thr308 and Ser473 residues. Phosphorylation at both residues is necessary for full activation of Akt and the subsequent control of biological responses, including apoptosis inhibition by phosphorylating the proapoptotic Bcl-2 family member Bad, and the caspase family member caspase-9 (Datta et al., 1999) . Because the Akt signaling pathway is associated with metastasis formation of some tumor cells (Nakanishi et al., 2002) , this pathway is a promising new target for developing chemotherapeutic drugs to treat tumors.
Recently reported data indicate that heat shock proteins (HSPs) exert pro-or antiapoptotic function. For example, it has been shown that most HSPs have strong cytoprotective effects and behave as molecular chaperones for other cellular proteins (Garrido et al., 2001) . HSPs have been classified into several families according to the molecular size. HSP90 is an abundant and highly conserved protein. In contrast to other HSPs, HSP90 is required for maturation or maintenance of most proteins in vivo (Tsuruo et al., 2003) . HSP90 associates with a number of signaling proteins such as v-Src (Whitesell et al., 1994) , Raf-1 (Schulte et al., 1997) , nitric-oxide synthase (Osawa et al., 2003) , ErbB2 (Xu et al., 2002) , and Akt (Sato et al., 2000) . HSP90 acts as a chaperone for unstable signal transducers and keeps them poised for activation until they are stabilized by conformational changes associated with signal transduction. In Akt, a physical association of HSP90 with Akt protects Akt from protein phosphatase 2A-mediated dephosphorylation to prevent Akt inactivation (Sato et al., 2000) . Because Akt is the major mediator of survival signals that protects cells from undergoing apoptosis, the HSP90-Akt binding is important for the regulation of apoptosis induction.
Numerous natural products have been used as pharmacological tools for pharmacological, physiological, and biochemical studies (Ohizumi, 1997) . In the course of our survey of pharmacological tools from natural sources, much attention has been given to compounds inducing apoptosis because of their important role in studies of signal transduction (Kugawa et al., 1998) . Recently, we have found that several natural products such as halenaquinone , ophiobolin A (Fujiwara et al., 2000) , and saponins (Candra et al., 2001) induce apoptosis in several cell lines. IC101 (Fig. 1) , a cyclid depsipeptide, was isolated as antibiotics from Streptomyces sp. MJ202-72F3 (Ueno et al., 1993) .
However, the detailed pharmacological and biochemical properties of this compound have not yet been reported. Here, we present the first evidence that IC101 induces apoptosis and may become a new useful pharmacological tool for studying the molecular mechanism of apoptosis.
Materials and Methods
Reagents. IC101 was isolated from Streptomyces sp. MJ202-72F3 as reported previously (Ueno et al., 1993) . Proteinase K and RNase A were obtained from Sigma-Aldrich (St. Louis, MO). Fetal calf serum, RPMI 1640 medium, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were from Equitech-Bio, Inc. (Kerrville, TX) , Nissui (Tokyo, Japan), and Dojindo (Kumamoto, Japan), respectively. Anti-mouse procaspase-3, anti-mouse PI3-kinase, and anti-mouse HSP90 antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA Cell Culture. Mouse lymphocytic leukemia L1210 cells are used for screening of apoptosis-inducing compounds and analysis of apoptotic mechanism. L1210 cells were maintained in RPMI 1640 medium supplemented with 10% (v/v) fetal calf serum and 4 mM Lglutamine in a humidified atmosphere of 5% CO 2 and 95% air.
Cell Viability Assay. Cell viability assay was performed by the MTT method as reported previously (Fujiwara et al., 2000) . Briefly, L1210 cells were seeded in 96-well plates at a density of 5 ϫ 10 4 cells/ml. After 24 h, cells were treated with several concentration of IC101 for 24 h. MTT of 0.5 mg/ml was added to each well, and cells were incubated at 37°C for 4 h. Plates were centrifuged at 170g for 5 min, and medium was replaced with dimethyl sulfoxide. After 15 min, plates were read on the microplate reader (model 450; Bio-Rad, Hercules, CA) at a test wavelength of 595 nm.
Morphological Observations by Using Fluorescence Microscopy. L1210 cells were seeded in 24-well plates at a density of 1 ϫ 10 4 cells/ml. After 24 h, cells were treated with 100 nM IC101 for 3 h. L1210 cells were fixed with 1% glutaraldehyde, stained with 50 ng/ml propidium iodide for 30 min, rinsed with phosphate-buffered saline (PBS), and visualized by fluorescence microscopy (IMT-2; Olympus, Tokyo, Japan).
DNA Fragmentation Analysis. DNA fragmentation analysis was carried out as described previously (Fujiwara et al., 2000) . Shortly, L1210 cells were seeded in six-well plates at a density of 1 ϫ 10 5 cells/ml. After 24 h, cells were treated with 100 nM IC101 for 24 h. Cells were washed with PBS and resuspended in cell lysis buffer [150 mM NaCl, 15 mM sodium citrate, 10 mM EDTA, 0.005% (w/v) L-lauroyl sarcosine, and 400 g/ml proteinase K] at 50°C for 2 h. DNA was precipitated in ethanol at 0°C for 1 h, rinsed with 70% ethanol, and dissolved in Tris-EDTA buffer (10 mM Tris-HCl and 1 mM EDTA, pH 7.4). DNA preparation was incubated with 10 g/ml RNase A at 37°C for 1 h. Electrophoresis was carried out in a 2% (w/v) agarose gel at 50 V for 90 min in Tris borate-EDTA buffer (89 mM Tris, 89 mM borate, and 2 mM EDTA). The gel was stained for 45 min with 0.1 g/ml ethidium bromide and visualized under UV light.
Immunoblotting. L1210 cells were seeded in six-well plates at a density of 3 ϫ 10 5 cells/ml. After 24 h, cells were treated with IC101 for indicated time. Cells were washed with PBS and lysed with lysis buffer [20 mM Tris-HCl, 1 mM EDTA, 1 mM EGTA, 1 mM dithio- 
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at ASPET Journals on April 9, 2017 jpet.aspetjournals.org threitol, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 1.5 g/ml aprotinin, 1 g/ml leupeptin, 1 g/ml pepstatin, 1 mM sodium orthovanadate, and 0.2% Triton X-100, pH 7.4]. Lysates were heated in SDS sample buffer (50% glycerol, 4% SDS, 25 mM Tris-HCl, 5% mercaptoethanol, and 0.01% bromphenol blue, pH 6.8), electrophoresed on a 15% (for cleaved-caspase-3 and phospho-Bad), 10% (for phospho-Akt and Raf-1), and 8% (for HSP90) polyacrylamide gel and transferred onto a polyvinylidene difluoride membrane. After incubation with Tris-buffered saline (10 mM Tris-HCl and 100 mM NaCl, pH 7.4) containing 0.05% Tween 20 and 1% bovine serum albumin for 2 h, the blot was incubated with anti-procaspase-3, anti-cleavedcaspase-3, anti-phospho-Akt, anti-Akt and anti-Raf-1 antibodies (dilution 1:1000), and anti-GAPDH, anti-phospho-Bad, anti-Bad, and anti-phosphotyrosin antibodies (dilution 1:2000) at 4°C overnight, followed by incubation with anti-rabbit IgG antibody HRP-linked in a dilution of 1:2000 for 2 h. The immunoreactive bands were detected with the enhanced chemiluminescence system. PI3-Kinase and HSP90 Immunoprecipitation. PI3-kinase and HSP90 was immunoprecipitated as described previously . Briefly, L1210 cells were seeded in six-well plates at a density of 5 ϫ 10 5 cells/ml. After 24 h, cells were treated with IC101 for 2 h. Cells were washed with PBS and lysed with Nonidet P-40 buffer (50 mM Tris-HCl, 20 mM MgCl 2 , 150 mM NaCl, 10% glycerol, 0.5% Nonidet P-40, 10 g/ml aprotinin, 10 g/ml leupeptin, 1 mM PMSF, and 1 mM sodium orthovanadate, pH 7.4). Lysates were centrifuged at 10,400g at 4°C for 20 min and incubated with anti-PI3-kinase antibody or anti-HSP90 antibody at 4°C overnight. Subsequently, protein A-Sepharose suspension (50% slurry) was added to each sample and mixed by rotation for 2 h at 4°C. The immune complexes were centrifuged at 1500g at 4°C for 2 min and washed three times with Nonidet P-40 buffer.
PI3-Kinase Activity. Immunoprecipitates with anti-PI3-kinase antibody were resuspended with PBS and then treated with several concentrations of IC101 at 30°C for 10 min. The immunoprecipitate solution (30 l) was incubated with 50 l of assay mixture (0.2 mM phosphatidylinositol, 0.375 mM phosphatidylserine, 60 mM TrisHCl, and 5 mM EGTA, pH 7.4). The reaction was initiated by addition of 20 l of ATP mixture (25 mM MgCl 2 , 0.5 mM ATP, and 0.2 mCi/ml [␥-32 P]ATP), allowed to proceed at 30°C for 30 min, and subsequently stopped by addition of 470 l of the stop solution [methanol/chloroform/6% perchloric acid, 35:15:2 (v/v)]. After 10 min, 150 l of chloroform, 75 l of 2% perchloric acid, and 75 l of 2 M NaCl were added to the reaction mixture. It was mixed and centrifuged for 5 min at room temperature. The lower chloroform phase was collected and applied to the thin layer chromatography (TLC) plate. The TLC was run in a tank equilibrated with chloroform/ acetone/methanol/acetic acid/water [40:15:13:12:7 (v/v) ]. The radioactivity of [ 32 P]phosphatidylinositol monophosphate on the TLC plate was detected with the molecular imager.
Identification of Proteins by Mass Spectrometry. To identify the phosphorylated protein by mass spectrometry, the IC101-treated cell lysates were immunoprecipitated with anti-phosphotyrosine antibody in a variety of concentrations and electrophoresed on an 8% polyacrylamide gel. After silver staining, protein bands were excised from the gel, in-gel digested with trypsin, and the tryptic digest was analyzed by direct nano-flow liquid chromatography-tandem mass spectrometry (MS) for protein identification (Natsume et al., 2002) . The chromatography was performed with a spray tip column (inside diameter, 150 m ϫ 30 mm) packed with a C18 reversed phase medium (Mightysil-C18, 3 m; Kanto Chemicals, Tokyo, Japan) using a linear gradient from 0 to 70% acetonitrile in 0.1% formic acid for 35 min at the flow rate of 100 nl/min, and the separated peptides were directly sprayed into a Q-TOF hybrid mass spectrometer equipped with an electrospray source (Q-Tof 2; Micromass, Manchester, UK). Electrospray ionization was carried out at a voltage of 1.5 kV, and MS/MS spectra were automatically acquired in data-dependent mode during the entire run. All MS/MS spectra were converted to text files listing mass values and intensities of fragment ions and processed by the Mascot algorithm (Matrix Science, London, UK) with reference to the nonredundant protein sequence database at the National Center for Biotechnology Information (National Institutes of Health, Bethesda, MD). The identification was finally confirmed by inspection of the corresponding MS/MS spectrum.
HSP90-ATP Binding Assay. HSP90-ATP binding assay was performed as described by Langer et al. (2002) with modifications. Immunoprecipitates with anti-HSP90 antibody were suspended with 30 l of incubation buffer (50 mM Tris-HCl, 2.5 mM MgCl 2 , 5 mM NaCl, 2.5 mM Na 2 HPO 4 , 25 mM KCl, 0.5 mM CaCl 2 , 2 mM dithiothreitol, and 0.5 mM PMSF, pH 7.4) and treated with IC101 at 37°C for 10 min. The reaction was initiated by addition of several concentrations of [␥- 32 P]ATP (10 mCi/ml), allowed to proceed at 37°C for 20 min, and stopped by addition of 30 l of SDS sample buffer and heating at 60°C for 15 min. After 15 min, 20 l of each sample was electrophoresed on an 8% polyacrylamide gel. The gel was dried, and the radioactivity of [ 32 P] HSP90 was detected with the molecular imager.
Statistical Analysis. The data are expressed as means Ϯ S.E.M. Statistical comparisons were made by using Student's t test. P Ͻ 0.05 was considered to be significant.
Results
Cell Viability of IC101-Treated L1210 Cells. Effects of IC101 at the concentrations ranging from 1 nM to 1 M on the viability of L1210 cells were examined. IC101 induced cell death in a concentration-dependent manner with an EC 50 value of 20 nM (Fig. 2) .
Apoptotic Morphological Change and DNA Fragmentation in IC101-Treated L1210 Cells. To clearly characterize the mode of cell death, it was examined whether typical apoptotic characteristics were shown by IC101 in L1210 cells. IC101 at a concentration of 100 nM shrank cell soma (Fig. 3A, c) . IC101-treated L1210 cells contained one or more compact spheres of condensed chromatin in their nuclei (Fig. 3A, d ), in contrast to the chromatin uniformly dispersed in the nuclei of untreated L1210 cells (Fig. 3A, a and b) . Moreover, DNA isolated from 100 nM IC101-treated cells showed typical apoptotic DNA ladders (bands of 360 and 540 bp, etc.; Fig. 3B , lane 2), whereas DNA from untreated cells did not show a DNA ladder (Fig. 3B, lane 1) . 
Downloaded from
Caspase-3 Activation by IC101. Caspase-3 is an effecter caspase that is cleaved by other caspases to propagate the death signal. IC101-treated L1210 cells showed a degradation of procaspase-3 and a marked augmentation of expression of cleaved caspase-3 fragment in a concentration-dependent manner without affecting the expression of GAPDH protein (Fig. 4) , suggesting activation of caspase-3 by IC101.
Regulation of PI3-Kinase-Independent Akt and Bad Dephosphorylation by IC101. Akt, a major survival signal molecule, is phosphorylated to be activated in a PI3-kinase cascade-dependent manner. In IC101-treated L1210 cells, a concentration-dependent dephosphorylation of Akt was shown (Fig. 5A) . Moreover, Bad, a downstream target of Akt, also was dephosphorylated by IC101 in a concentration-dependent manner (Fig. 5B) . But PI3-kinase was not affected by IC101 even at concentration of 100 nM (Fig. 5C) .
Effect of HSP90 phosphorylation by IC101. To find the other proteins that interacted with Akt, we performed immunoblot analysis with an anti-phosphotyrosine antibody. In IC101-treated L1210 cells, a concentration-dependent dephosphorylation of 90-kDa protein was observed (Fig. 6 ). To identify this protein, the immunoprecipitate was subjected to SDS-polyacrylamide gel electrophoresis. The silver-stained phosphorylated protein was processed to generate the tryptic peptides and then analyzed by direct nano-flow LC-MS for protein identification. Using this procedure, we identified nine peptides that could be assigned to a protein, HSP90 (Table 1) . When immunoblot analysis of immunoprecipitates with anti-HSP90 antibody was performed by using anti-phosphotyrosine antibody, consistently, it was observed that IC101 induced the HSP90 tyrosine dephosphorylation (Fig. 7) . From these results, we identified the tyrosine-phosphorylated 90-kDa protein as HSP90. 
Effect of IC101 on Raf-1 Degradation. Raf-1 exists in a native heterocomplex with HSP90 in several cell lines. Schulte et al. (1997) have been reported that geldanamycin, a selective HSP90 inhibitor, prevents HSP90-Raf-1 binding and leads to a rapid decrease of Raf-1. To evaluate whether HSP90 was affected by IC101, the degradation of Raf-1 protein was examined by immunoblot analysis. As shown in Fig.  8 , a concentration-dependent degradation of Raf-1 was observed by IC101 treatment, indicating that this compound interfered with the function of HSP90 like geldanamycin.
Inhibition of HSP90-ATP Binding by IC101. HSP90 has been reported to have an ATP binding pocket and several HSP90 inhibitors have been demonstrated to bind to this site and inhibited the ATP binding (Soti et al., 2002) . In our experiment, it was shown that IC101 inhibited the HSP90-ATP binding in a noncompetitive manner (Fig. 9) .
Inhibition of HSP90-Akt Binding by IC101. Because HSP90 has been known to interact with Akt to stabilize it, Fig. 5 . Effects of IC101 on Akt phosphorylation, Bad phosphorylation, and PI3-kinase activity. A, blocking effects of IC101 on Akt phosphorylation. L1210 cells were treated with the indicated concentrations of IC101 for 2 h. Akt phosphorylation was assessed by immunoblotting as described under Materials and Methods. The samples were fractionated on a 10% polyacrylamide gel, followed by immunoblotting with antiphospho-Akt antibody (top) or anti-Akt antibody (bottom). Similar results were obtained from at least three independent experiments. B, blocking effects of IC101 on Bad phosphorylation. L1210 cells were treated with the indicated concentrations of IC101 for 3 h. Bad phosphorylation was assessed by immunoblotting as described under Materials and Methods. The samples were fractionated on a 15% polyacrylamide gel, followed by immunoblotting with anti-phospho-Bad antibody (top) or anti-Bad antibody (bottom). Similar results were obtained from at least three independent experiments. C, direct or indirect effects of IC101 on phosphatidylinositol 3-kinase activity. In direct experiment, phosphatidylinositol 3-kinase was immunoprecipitated in L1210 cells and incubated with several concentrations of IC101 at 30°C for 10 min. In indirect experiment, phosphatidylinositol 3-kinase was immunoprecipitated in IC101-treated or -untreated L1210 cells and incubated without IC101 at 30°C for 10 min. The phosphatidylinositol 3-kinase activity is expressed as a percentage of control activity (100%) in the absence of IC101. Values represent the means Ϯ S.E.M. from three independent experiments. 6 . Effects of IC101 on 90-kDa protein phosphorylation. L1210 cells were treated with the indicated concentrations of IC101 for 2 h. The 90-kDa protein phosphorylation was assessed by immunoblotting as described under Materials and Methods. The samples were fractionated on an 8% polyacrylamide gel, followed by immunoblotting with anti-phosphotyrosine antibody. Similar results were obtained from at least three independent experiments. Fig. 7 . Effects of IC101 on HSP90 phosphorylation. L1210 cells were treated with the indicated concentrations of IC101 for 2 h. Cell lysates were incubated with anti-HSP90 antibody, and the immunoprecipitated proteins were fractionated on an 8% polyacrylamide gel, followed by immunoblotting with the anti-phosphotyrosine or anti-HSP90 antibody. Similar results were obtained from at least three independent experiments. Fig. 8 . Effects of IC101 on Raf-1 degradation. L1210 cells were treated with the indicated concentrations of IC101 for 2 h. Raf-1 degradation was assessed by immunoblotting as described under Materials and Methods. The samples were fractionated on a 10% polyacrylamide gel, followed by immunoblotting with anti-Raf-1 antibody. Similar results were obtained from at least three independent experiments. immunoblot analysis of immunoprecipitates with anti-HSP90 antibody was performed by using anti-Akt antibody. It was demonstrate that HSP90 was interacted with Akt in L1210 cells and that the HSP90-Akt binding was inhibited by IC101 in a concentration-dependent manner (Fig. 10, top) without affecting the amount of immunoprecipitated HSP90 (Fig. 10, middle) . When cell extracts were immunoprecipitated with anti-HSP90 antibody and thereafter the supernatants were subjected to immunoblot analysis using anti-Akt antibody, consistently, the amount of Akt remaining in supernatants seemed to increase in a manner dependent on IC101 concentration (Fig. 10, bottom) .
Discussion
Apoptosis is one of the mechanistically driven forms of cell death that is either developmentally regulated or activated in response to specific stimuli or various forms of cell injury (Solary et al., 2000) . Because it has recently been reported that cancer chemotherapeutics exert part of their pharmacological effect by triggering apoptotic cell death (Shrivastava et al., 2000) , apoptosis-inducing compounds in tumor cells have become useful as lead compounds for the development of anticancer drugs. In the present study, IC101 in the range of 1 nM to 1 M induced cell death in a concentration-dependent manner with an EC 50 value of 20 nM (Fig. 2) . This compound caused cell shrinkage and chromatin condensation, which were the characteristic features of apoptosis. Moreover, annexin V assay was done to determine the proportion of cells in the early stages of apoptosis or undergoing necrosis. Treatment of L1210 cells with 100 nM IC101 for 3 h increased the proportion of cells in the early stage of apoptosis (our unpublished observations). IC101 at 100 nM also caused apoptotic DNA fragmentation. Furthermore, degradation of procaspase-3 and up-regulation of cleaved caspase-3 expression were caused by IC101 in a concentrationdependent manner. These results demonstrate that IC101 causes the death of L1210 cells through an apoptotic mechanism.
The highly conserved HSPs accumulate in cells exposed to heat and a variety of other stressful stimuli (Jolly and Morimoto, 2000) . HSPs inducible in response to these stresses seem to function at key regulatory points in the control of apoptosis (Creagh et al., 2000; Klettner and Herdegen, 2003; Parcellier et al., 2003) . Among them, HSP90 has been reported to interact with a variety of cellular proteins, including an antiapoptotic proteins Akt (Bucci et al., 2002) , Raf-1 (Schulte et al., 1997) , and Bcr-Abl , to acquire a mature conformation that is a prerequisite for proper protein function. Moreover, HSP90 possesses a nucleotide binding site that acts as an ATPase domain which regulates its conformation and function (Morishima et al., 2000) . Therefore, HSP90 acts as a key molecule in the antiapoptotic mechanism. In the present study, it was shown that IC101 caused a concentration-dependent dephosphorylation of 90-kDa protein (Fig. 6) . By direct nano-flow LC-MS and immunoblt analysis of HSP90 immunoprecipitate using anti-phos- 
IC101 Causes Apoptosis by HSP90 Inhibition 1293
at ASPET Journals on April 9, 2017 jpet.aspetjournals.org photyrosine antibody, this phosphorylated protein was identified as HSP90 (Table 1; Fig. 7 ). IC101 also caused the degradation of Raf-1, a major HSP90-binding protein (Fig. 8) . Furthermore, IC101 inhibited the HSP90-ATP binding in a noncompetitive manner (Fig. 9) . Thus, it is very possible to interpret that IC101 directly affects the binding of ATP to HSP90 to inhibit the function of this protein.
It has been demonstrated that HSP90 binds to Akt to prevent the protein phosphatase 2A-mediated Akt dephosphorylation and that geldanamycin, a selective HSP90 inhibitor, does not inhibit the HSP90-binding to Akt (Sato et al., 2000) . In addition, Langer et al. (2002) have reported that novobiocin, another HSP90 inhibitor, binds to the C-terminal ATP-binding site of HSP90, whereas geldanamycin binds to the N-terminal ATPbinding site. In this study, it was shown that like geldanamycin, IC101 induced PI3-kinase-independent Akt dephosphorylation in a concentration-dependent manner. To strengthen the hypothesis that IC101 induced apoptosis by Akt dephosphorylation in L1210 cells, immunoblotting using anti-phospho Bad antibody was performed. IC101 caused a concentration-dependent Bad dephosphorylation like Akt. But interestingly, the immunoblot analysis in the present study demonstrated that unlike geldanamycin, IC101 inhibited the HSP90-Akt binding in a concentration-dependent manner (Fig. 10 ). In addition, like IC101, novobiocin was observed to induce HSP90 dephosphorylation and the inhibition of the HSP90-Akt binding at a concentration of 1 mM in L1210 cells (our unpublished observations). These findings indicate that IC101 inhibits HSP90 functions by a similar mechanism to that of novobiocin, but much more potently than this compound. The fact that IC101 causes the tyrosine dephosphorylation of HSP90 was demonstrated by the present immunoblot and immunoprecipitation analyses (Figs. 6 and 7; Table. 1). It also was observed that the inhibitory effect of IC101 on HSP90-Akt binding was partially suppressed by 1 mM sodium orthovanadate, a tyrosine phosphatase inhibitor (our unpublished observation). Treatment with 1 mM sodium orthovanadate also inhibited IC101-induced cell death and Akt dephosphorylation (our unpublished observation). These facts evidently indicate that HSP90 tyrosine phosphorylation is required for the HSP90-Akt binding and that IC101 inhibits the HSP90 tyrosine phosphorylation to cause Akt dephosphorylation and apoptosis in L1210 cells. Moreover, this compound also caused the inhibition of the HSP90-Akt binding and cell death in PC12D cells (our unpublished observation), further strengthening our idea that IC101 induces cell death by releasing Akt from HSP90.
In conclusion, these results suggest that IC101 inhibits HSP90 activity via tyrosine dephosphorylation of this protein to prevent the Akt binding, which accounts for the Akt dephosphorylation, to induce apoptosis in L1210 cells. IC101 may be a valuable pharmacological tool for clarifying the HSP90 functions, including the antiapoptotic action. Moreover, IC101 is an antibiotic that is possible to secure quantitatively like other antibiotics such as staurosporine. HSP90 is also a greatly important target for development of novel anticancer drugs (Maloney and Workman, 2002; Neckers, 2002) . Because IC101 has more potent HSP90 inhibitory effect than other HSP90 inhibitor, this compound also may be a new therapeutic lead compound of cancer chemotherapy.
